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fitude oscillations in the latter part 
hat the oscillations 

re prominent in the 
second stage, and on 

d the problem mrd, than 
nrge enough that analyses 
yses included revim 
, investigation of in- 
various h ~ o t h e $ e ~  
was also directed t o  

ificmr; data on flight AS-SO4 to lead to a verification 

ch  led with the 
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of  the structure. Until flight 

~ f s  had been anticipated.) 
sod response at 
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t h e  factor  of 2 . 0  correction for  Pod from f l i  
v a l w  of Pod m 130 p s i ,  p-p. U ~ i n ~  

~ u n c t ~ o ~ ~  arid the ~ ~ ~ ~ t ~ r ~ d  Pc5 value o f  75 ps i  yields  Pod * 
f: 1% Q S l ,  p-p. Thus, in eonclusion,the actual  vzllue o f  

d t o  be within these bounds: 

LOX In l e t  Pressure. The LOX i n l e t  pressure was measured on f l i g h t  
5134 for the  inboard engine. However, t h i s  lisurement also had a rsla- 
r ivuly lang sense l i n  of 18 inches. For t h e  lover i n l e t  s teady-state  
pressures an even shorter  sense l i n e  is required t o  prevent the sense 
l i n e  f ~ ~ t  act ing i n  the  t ~ ~ - ~ h a s e  re ime. The i n l e t  pressure measure 

-per-second da ta  ra ther  than as continuous 
ressure t a p  location re la t ive  to  the inducer 
because the  t a p  is only 3 inches upstre  
B significance of t h i s  location w i l l  be 

gated bellow. 

Tho charaber pressure on engine No. 5 w a s  seen t o  slowly diverge from 
KT 497 t o  a ~ p r o x ~ ~ ~ t e l y  RT 504 and then rapidly diverged, peaking out 

31 



tests r ~ ~ ~ ~ l  a shift in the inle pre 

liw. E v a  i 

qwncy.) T)1Q proof that the signal i s  too 

t o f  attenuation increasing 
OS ~ $ c ~ l l a ~ i ~  level ~ a c ~ ~ ~ $ .  This trend i s  shown 

tasts. Actually, thw smsw 
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ine Ko. 1 ,  the MX pump 

response was not nearly 

p s i ,  p-p, and for the 

to the main Pc and 8 
was 9 p s i ,  p-p. The fuel in le t  pressure on engine 

i n  Pc a 75 ps i ,  p-p and t 

t sd  at 17 llz, the predict 
i th  the data. (The 

transfer ~ ~ c t i o ~ ~  arm p r ~ ~ e n ~ e d  in a later sect ion. )  

i l i t y ,  a perfowawe s h i f t  w a s  experienced 
The sh i f t  has been ex- on engine Mo. 5 on both flight AS-593 and -504. 

d succnssfblly to  the observed sh i f t s  for 
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A~plyang the correction factor to x5 yields 

ares well with the value 23.8 observed on flight 504. 
ter on flight 503 did not have rhe same roll-off characteristic 

The d 

as the other actele tars. These dorae accelerometers are used to measure 
-fmqwncy vibrations, and their response 1s good at the  high frequen- 

cies, but they begin to attenuate the signal in the low-frequency 
"his w a s  obscarved In the 504 data where the dome acceler 
on ~~~ No. 5 was from 60 to 80 percent of the beam accelerometer measure- 

srrgine Ne. 5 for SO3 was 9.6 g p-p, band-pass filtered from 15 to 20 Mz. 
If the signal was attenuated by 60 percentB then the actual value would 

nt o f  e n g ~ ~  No. 5. The imam amplitude o f  the donte accelerometer on 

le to signal values observed on flight 504. 
xs on engines Nlo. 1 and NQ. 2 indicate no significant 

the noise level. 

em on the third stage of the vehicle had predominant 18-Hz 

1 bWck acceleronsrater 
% of 0.375 0, p-p, and 

able on the required 

the I .U. package; e.g., 
s gyro servo, n actuator LP's for the 

early in time as 



can& RT and led initially to speculation thst ihh 18-tlz problem 
idance control systea. 
that the 18-Hz control signal t 

Investi ation of this poten- 
the actuator servo- 

valves was negligible, and, wm sore significant, the phasing of the 

signals present could not be called for by the control system but only 
repreeented response to the existing 18-Hz oscillations. 

ngkn% oscilKations was contrary to the control system logic. Thus, the 

Flight Results 

There are four characteristics of the oscillations other than frequency 

these characteristics based on correlations with flight hardware or oper- 
ating conditias:-a. 
the instability, 0ocil:ation amplitude changes before the instability, 
 xi^^ mplitude levels, and litude envelope during the insta- 

operating conditions which may 
have contsibuted to differences f 1 ight- to - f 1 ight were reviewed and 
w e  present& in Table 2. 
ferent to explain any variations, but reference will be 
the item in the following discussion. 

ared from flight-to-flight with an attempt to explain 

These four Characteristics are time of occurrence of 

Mwt of these item are not sufficiently dif- 

ce of the large- litude oscill~tion~ was 
ate well with two p ters, LOX liquid level in the 

NPSN. The correlation with WIX level is sh 



N 

tlp 

H 
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h the U I X  level in the tank during flight could not easily be 
~ ~ $ e d ,  step pressurization was used on flight 504 to keep the NP% 
higher at the end of burn. It mst be kept in mind, also, that before 

504 the generally accepted e 

problem wes that the engine 
Ianation of the cause o f  the oscil- 
s self-driving dt 18 Hz. Thus, 

PSH would reduce the potential for the engine to self- 
ground tests have shorn that on all flights the WSH WPS 

The 
s not hold for flight 504 proving that NPSH is not a sig- 

to eliminate the instability, and the 504 data 
s dn instability, not engine self-driven 

higher than those values at which self-drivm oscillations occur). 
~ s u l t i n ~  correlation of  instability with WSH is shown in Fig. 2 6 .  

The 

proved that the 
oscillations. 

~ ~ ~ ~ r ,  the step p ~ s ~ ~ i 2 ~ t i ~  with resulting increased MPSH is believed 

5s 





indicat ions air  tha t  the 
tation st the  Lox 

l i tudes on these f l i gh t s  were limited by cavi- 

$ ~ a ~  S t a t i c  Test Results 

f icant  osc i l la t ions  in  
ter engine near the end 

litwbs a m  mch less. However, i n  the  
ions is generally s l i gh t ly  

a r e su l t  the gains and 
S t i l l ,  there  is su f f i c i -  

%ha osc i l la t ion  behavior o f  s t a t i c  t e s t s  and Sl ight  

r osc i lh t t ions  with LOX 1 

&a the  static tests during t h e  ti= of osc i l l a -  

Division using a Gulton 
h PSD over every 8 seconds of burn 

lso used t o  indicate  the s t ruc tura l  

55 



lance of these curves 
d shown i n  Fig. 11 is obwious, the 

i t y ,  or whet consti- 
y i 5  a system probl 

ctmected in such a w 
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defined the  loop, consider now the c s t a b i l i t y  of the 
he output of any of 1-p. 

the  th ree  boxes in t h e  above sketch can be represented by a gain and 
That is, 

For a given frequ cy, a t  any point of t 

e ~ l ~ t i o n  t o  t h e  input. 

r i c a l  gr in  fac tor  and fa is d phase angle, and both are 
~ u ~ n c ~  d e p ~ n d ~ n t  . Therefore, 

"1 
ii = K1e F 

P Q K2e Y 

F = K 3 e  P 

(3) 

(4) 

. 3, the resul t ing equation is 

&(a, + I, + b3) 
E K1KZK3 6 x 

to th0 acceleration paramtar  t o  indicate  succes- 
o i w  cycles, 

xi-l xi - KlK2K3 e 

I f  

1 + g 2 + e 3  - o 

K r 4 K 3  > 1.0 (7) 

then X w i l l  diverge, and the system is unstable. 
t u t e s  the conditions €or defining an i n s t ab i l i t y .  

Therefore, Eq. 7 const i -  

58 R-7970 



nt concerns the relation of POGO to the closed-loop 
instability. POGO is a closed-loop instability. tiowever, the classical 
POGO problem occurs near the frequency of the first longitudinal struc- 

e of the vehicle, and 
erature restrict WGO to only this -de. 
involving a different mode at a higher frequency, as for exxawple. on the 
S-I1 stage of the Apollo, would not fit these m r e  restrictive definitions 
of POGO and is, therefore, referred to 39 a closed-loop instability. 

y definitions of POGO found in the lit- 
Thus. a closed-loop instability 

Indications of the Instability on the S-I1 

ts will be presented to show that the 174% phenomnon on the 
S-I1 stage was a closed-1 instability involving the vehicle structure, 
the M X  puinp feed system, the center engine. 

1. The gains and phases of the three main elements of the loop are par- 
tially known from flight data and ground tests, and the other gains and 
phases required to have an instability are easily realized bas& on cur- 

The instability occurred on flight 504 at an NPSH of ion. 
60 f ee  and with the W valve at 10 degrees f 

position. 
 ne transfer function has B grun and phase at 17 Nz o f  

Ground tests have established that at this operating point the 

K3 = 520.0*(0.566) 

- 181 

ct of the value of aPc/bPos (50.566) 

er pressure (~320.). From flight 
a m  k m .  For exanpie, at RT 500 where the 

59 



l i tudes  are beginning t o  rapidly diverge 

f5 p 2.1 g, p-p (see Fig. 5) 

Pcs = 4.0 ps i ,  p-p (see Fig.  3) 

both a t  a frequency 17.0 Hz 

and the phase between the two 

BPcs /x5 = -70 degrees 

Therefore, re fe r r ing  t o  Eq. 3, 

2.1 = o.oo164 8 a c c ; l e y i o n  
K1 = 4 .O (320.) poun s t rus t  

0, I 70 degrees 

Subst i tut ing the  valwts of K1, K3, B,, and 8 ,  in to  Eq. 7 and solving for 
K2 and B2 yields  

6, -20 degrees 

K2 , 3. 57 psi i n l e t  pressure 
g acciileration 

I t  w a s  previously sham tha t  a t  the  time of the in s t ab i l i t y .  the height 
of M X  above the in le t  i s  approxi t e ly  8 feet  so t h = t  t h e  pressure 
at the  i n l e t  because of a 1-g acceleration was 

AP 8 * 7 0 * 1  si  i n l e t  pressure 
8 g acceleration - -- 3.89 p 

Thus, t h e  value K2 required t o  get the in s t ab i l i t y  is less than the 
s t a t i c  value which would be obtained i f  the LOX c 

The in l e t  l i n e  dyn ress ib le  mass of l iquid.  

60 R ~ 7970 



increase 
quencies of the feedline. 
revealed that the feedline response at 17 Hz is as large, or largeqthan 
the static response and that the phase angle at this frequency is very 
close to the -20 degrees which is needed for instability. (A detailed 
description of these ground tests and their results is presented in a 
later section.) 

or decrease this static gain depending on the resonant fre- 
Current analysis of ground test data has 

Thus, the current best estimate of the gains and phases of the three 

is unstable. 
bility, but other ar 

nts of the, closed loop do satisfy Eq. 7. and the closed-loop system 
This is the most direct and conclusive proof of an insta- 

ts are presented to add weight to the conclusion. 

2. 
tionship between Pc end x5, that the oscillations are occurring at a 
resonant frequency of the structure. A structure-engine closed-loop 
instability will always occur at, or very near, a resonance of the struc- 
ture beceuse the structural pain, thus,the loop gain, is significantly 
larger at this frequency. 
characterized by a change in frequency with tiw, the change in the fre- 
quency of the instability with time indicates that the instabiiity is 
tending to follow the resonance. 

It was pointed out previously (Fig. 6 and 7). based on the phase rela- 

Because the structural resonance is frequently 

3. littide curve is in itself indicative 
of M instability. For ex Fig. 1 or 4, the amplitudes are seen 

of behavior is characteristic of an instability with nonlinearities result- 

The shupa of the oscil 

until abruptly limited. This type 

iatelv after fli t AS-503, it was proposed that the oscillaticn 
problem was caused by self-driven oscillations of the engine rather than 
an instability. It had been noticed that the 5-2  engine under certain 
operating conditions would tend to produce low-frequency oscillations. 

R-7970 61 



und tests both at Rocketdyne and MSFC were perforned t o  establish at 
what operating conditions these self-driven oscillations occur. 
results are shown in Fig. 2 8 .  The regio of pump self-driven oscillations 
is below the operating NPSH values durin each of the flights. A conrpari- 
son of Fig. 26 and Fig. 2$ reveals that the flight oacillation region con- 
tinued to an NPSH of 40 feet on AS-503 (full-open PU valve position). 
is within 5 feet o f  the self-excited oscillation region yet the oscilla- 
tions stopped, clearly showing that the serf-excited repion had not been 
reached. 
excited oscillations is that ths alaplitudes in inlet, discharge, or ch 
ber pressure never exceed a few psi. 

those seen in flight. 
excited oscillations. 

The 

This 

One further iraportant characteristic noted conc-ining the self- 

There have been no self-excited 
lituder observed on the 3-2 enaine whkh are as large as 

Thus, the flight oscillations cannot be engine self- 

The above four or 
oscillations m e  caused by a closed-loop instability. 

nts offer conclusive evidence that the flight 17 Hz 

The flight data can also be used to indicrrte the ti s of instability and 

d of the subject is in order. 

d - a ~ d ~ r  S ~ J ~ B B I  can be ~ ~ ~ ~ e g ~ n t e d  by the differential 

( 8 )  

p the block diagr 



E 
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14, ROW, P fwdback tern is introduced which relates rrl~pne thrust to 
velocity as in the closed-loop instability problem, then the block diag 

In other words, the feedback tern has changed the effective structural 
ing. or yielded a closed-loop d ing factor of 2~ (ZC, - K1Ko/unj * 

lex feedback terns could now be ass d, but each one could be 
lifiad to the above form to establish system stability. 

Thus, Eq. 8 can be used to indicate the response of the closed-loop 
ing factor 5 is the closed-loop damping, r,&. 

A general solution of Eq. 8 far the displacement, pivm 5n initial dis- 

where 

64 R-7970 



clearly, the exponential term, exp (- u) t), determines the stability o f  

the system. 
e n  

Three possibilities exist assuming t > O :  

< 0 , system unstable 

= 0 , system marginally stable 
> 0 , system stable 

Therefore, if the feedback tern reduces the closed-loop damping to a nega- 
tive value, an instability will result. Having established that the 
system stability is determined by the tern 

- cg wt 
z = e  

note that i 5 - < p Z  

so that ccw = - z (9) 
i 

Thus, for the S-I1 oscillation problem, or any other instability, the 

instability is not the point of 

ycle as on AS-504, where the amplitude is effect 

o f  the oscillatians is difficult 

65 
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divarge). Because of t h e  l i m i t  cycle, the  system is marginally 
, then becomes s tab le .  The results of Fig. 29 indicate 

ing reaches a maximum negative value of (-1 1.0 

It is desirable t o  r e l a t e  t h i s  closed-loop damping t o  
t h a t  t he  c l m d - l o o p  d 
percent on 504. 

the  system s t a b i l i t y  i n  terms of db's. 

By def in i t ion ,  t he  loop s t a b i l i t y  in db's is 

db 20 loglo (open-loop gain) 

* 20 loglO (output/input) 

Referring t o  the  block diagram with the  feedback term included, the input 
is F and the  open-loop outpct i s  

2 2  KO S /w, 
output = F 

2 
A t  the  zero phase point,  5 /w: * -1.0, therefore,  

Therefore 



X- 

db 5 20 log1* = 4.5 

rcmt dmping at 
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litude 01 YLTB to H5 as a function of tirge. 
lev61 in  the U)X tank i lso varying with 
included in the analog; el .  The approxi s t u  these flight results 

The liquid 
and this variation is 

t were used to define the structure are shown in Fig. 30. 

system. Initially, 
ed in the model. flow- 

influence un the sta- 

o the LOX side. Since 
s t  prrt of the study, 

P single inartance ( I a 1 )  and 

Using these syabols, 
the feedline is shown below 

ters defined in the diagram. 

%LTB 

PhQA dV1 
(P -P ) A  5 - 
t os g a 5 -  

e velocity of the flew 

(141 
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d I PAY1. I3  Eq. 13 the 
upon the effective resistance of 
sd from the engine transfar fmct 

bs the feedline and c~~itation 

the engine. The one engine 
thz, orher 1s the t ~ ~ s ~ ~ r  

Ilnbt 3ine. Initially, outboard mg2ne e 

ded. These results will b 

R-7990 
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The equations for the feedline dynamics can he rewritten and put i n  
different form. 

In t h i s  diagram the inlet line resonant characteristics are nwrc obvious. 

Tbe resonant frequency of the l ine is 

The result i s  shown in the block diagram of Fig. 33. 
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the point (1 , 1).  

The stabil5ty i s  direct ly  propartianal to the mgnituda, OT gain, of the 

Pig. 32 or 93 boctkwe the total goin tk-d the loop 

79 





of the reduction would be as shown. 

could be unstable with no tank bottom acceleration if the cruciform be= 
has large acceleration. 

Or, statted more simply, the system 

ter to be considered is the LOX pmp inlet c 
The reference value used, B1 = 180, was considered to be an 
thus only lower values were investigated. The effect on stability of B1 
is shown in Fig. 35. As B1 decreasesI and in acccrdance with Eq. 16 the 
feedline resonant frequency decreases, the system becomes more unstable. 
The instability occurs at or very near the structural resonant fr 
which for the model at this time is very nearly 15.9 Hz. 
instability o f  Fig. 35 OCCUTS when B1 = 30, f, J 15.9 Hz; i . e . ,  when 
the feedLine resonance and structural resonance are the same. As the 
feedline resonance drops below the structural msonaxice, the system 

ts =re stable. 
through the phase relationships a m d  the loop. On flight 504, the 
actual instability Ocutrred at 17 Hz, thus the feedline resonance would 
have to drop a few Hertz below this value to achieve stability. One means 
often used to redwe the feedline resonance below the structural resonmce 
is to add an occrunrulator to the feedline (Ref. 23. 

The maxis 

This stability is pri 

One further effect w a s  noticed using the sin 
cs. The portion o f  the 1 

gixin than was seen in 
r n ~ S i n ~ a r ~ t i e s  in the 

eagine t ~ ~ ~ s ~ ~ r  f ~ e t i o n ~  were also varied 
Varyin the ~ a s e  of 2Qe/W,, does with the results s~~ in Pig. 36. 

la, but large chmgas in 
phase stable. There are regions of 

-7970 79 
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ich the effect of 3God//aPos is nat shown because the feed- 

bility i s  not necessarily a characteristic of the engine system 
line has its o m  inst ility. at a higher frequency, in these regions. 

or o f  Pis@ at all, but only %L characteristic of the pscticular curve 
fnt used for the t r ~ $ ~ ~ r  function and the simplifications used in the 

e l .  In these regions, the feedline appears to have little, or 
gs  but this condition is obviously not a flight characteristic. 

and ground data continued, 
ture and the feedline dynamics 
Some o f  these variations 

individually. The various 
d ,  m d  their effect presented in chronological 

order. 

Fig. 30 were changed so that the model 
flight data. The new model representa- 
g these new data, the model resulted in 
iw. the instability occurring at qprox- 
the peak in the gain curve. This ti 

closer t o  that of flight. 

inlet l ine c 

is characteristically rep- 

wary with the instantan- 

by: NPSN 91 I44 (Pas - P,)/Q, whem POs 
he vapor pressure, and Pthe specific weight.! 
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ion of B acts as a no 
eefold. First, the no 

1 

during the instability although the limiting s3s not as nro- 
nounced as indicated in the flight data. 
instabi1i.v dropped a few tenths of a Hertz as the anplitudes began to 
diverge during the instability. A similm drop in the frcquency was noted 
in the flight data. There i s  sow indication that the drop in frequency 
could be caused by a shift in the structural mode at which the instability 
occurs, but the model does demonstrate that the shift could be explainad 
by the nonlinear behavior of B1. 
in the wave shape of the oscillations. These tended t o  be flattened out 

on the bottom with sharp peaks at the ~ a x i ~ ~  values. 

Secondly, the frequency o t  the 

The third effect of 01 was tho change 

Data from ground tests were obtained to determine the value of B1, or if 
a single compliance was not sufficient, to deternine the required dyn 
description for the turbopump termination to the feedline. 
that there are tuo resonances required in this dynamic description. 
are several dynamic models which could be used to match the data. 
dynamic model used in the analog model represents 3 side branch associiated 
with the turbopump. 
with current expressad as weight flowrate and voltage 8s pressure. 

Data indicated 
There 

The 

The electrical analog of this mdel is shown belaw 
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feedline duct. 
with the simple model. 
pressure downstream of the inducer. 
R3, and C3 and is only defined as being internal to the turbopump. 

C1 is primarily Lhe puwp inlet compliance similar to l/Bl 
L2 and R2 represent the inducer, and P2 is the 

The side branch is represented by L3, 
C2 is 

The flowrate \jd is the 11 compliance and need not be included. 

Both tank pressure, Pt, and are functions of the structural acceleration. 

(17) ht 
g 'LTB Pt EO- 

itrrdes of the dyn 
t the table the resonant and antiresonant frequencies of the inlet 

c parameters are shown in Table 3, and at the 

The Bode plot of Pos/Y5 for 
To obtain the results of Table 3 and Fig. 38 

pressure relative to celeration are shown. 
e 2 is s h m  In Fig. 38. 
ve 25 HE, the transfer function a\jd/aPos had to be arbitrarily extended 

becmise, no test data were available above 25 Hz. The extension tended to 
canthum the NNBS for 3slosK3Pos shown in Fig. 31 so that at 40 Hz the 

The only reason this aTbi- 
tray e x ~ ~ s i ~  toutd be w e d  was because o f  its relatively minor role in 
in was Q.523 and the phase was -36 degrees. 

i e  behavior. No si lar extension could be 
jor role in the systm dyn 

96n o f  thQm rssponses to test data is reserved for a latar 
ce of the branch is given by 

2 f + SR3 c3 + s t3CS 
rn ( 19) 5 * S(C, + C2) + S2RsCCJC2 4 SfL3C3C2 

wing this m r e  extensive feedline dyn 
~ s ~ ~ t ~ t i ~  i s  givcar in Flg. 39. 
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TABLE 3 

ETERS AND VARIABLES, LOX FEEPLINE 
~ ~ E - C ~ ! P L I ~ C E  MODEL 
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tha t  the  8ccurr;ulator was placed a t  the i n l e t ,  the  ~ e e ~ l i n e - p  
del would appear as represented below. The ace l a t o r  appears as 

l iance,  Bg = l /Ca. The 
its resonant frequency 

at, o r  near, t h e  fraqumcy which is t o  be eliminated. 
Because the acc or is a branch on the  l i ne ,  i t s  resonance acts as an 
a n t i r e s ~ ~ c ~  o r t m t  charac te r i s t ic  of  t h e  

accumulator is 

I n i t i a l  concepts for an acemalator  on the  S-I1 feedline consisted of a 

t e l y  200 in.' connected t o  the main duct by 
d 0.07-inch length. Using these values, 

eriatics we- cal 

/2% 31.0 Hz 

onpletely. The branch ine r t -  
the  in s t ab i l i t y  returned. 



Raising the inertance, of course, results in a lower resonant 
kes the accumulator less effective at higher frequencies. 

found that the inertance could be increased by a facto* of over 20.0, or 
that the accumulator resonant frequency had to drop below about 7.0 tiz, 
before the instability reappeared. Thus, the inlet line accumulator can 
stabilize the system based on current knowledge of the system components 
by developing a system antiresonance which reduces the ,no,in of the closed 

frequency 
It was 

loop * 

A comparison of the effect of the accumulator on the feedline resonances 
is of interest. 
without an accumulator. 
accumulator. 
the accuatulator and can be compared with Fig. 38. 

Table 3 had presented the resonances and parameter values 
Table 4 presents the first two cases with the 

Figure 46 presents the Bode plot of Po,/%, for case 2 with 

TABLE 4 

ANALYTICAL U I X  FEEDLINE RESONANCES WITH AN ACCUMULATOR 

First Antiresonance, Hz* 31.0 I I 
Second Resonance, Hz* >so.o 
*From 

sentsrd in Table 3 except 

This ConcludiPrd the anolytic rt using the analog c 
available concerning thr feedline-p 
, further work would bo 
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LOWER FREQUENCY OSCILLATIONS 

There are two frequencies below the 17- to 18-H2 frequencv which are gen- 
eraliy present in several of the parameters during the s-I1 burn time. 
These two are (1) the subharmonic of the 17- to 18-Hz data, and (2) a 10- 

to 11.5-Hz oscillation. These two lower frequencies have not been char- 
acterized by large a litudes in any particular par ter, but they are 
the frequencies which are transmitted to the command mdule and are felt 
by the astronauts during S-I1 boost. (The 17- to 18-ti1 oscillations are 
not seen in the EO 

These two frequencies are in the frequency range of the first three struc- 
tural modes predicted by NAR Space Division prior to flight AS-504. These 
first three modes are shown in Fig. 47. 
11.5-Hz frequency are suspected to be the ringing of the structure at the 
second or third mode resonant frequency. 
harmonic are probably generated by sloshing in the LOX tank, the sloshing 
frequency of a liquid in a tank being frequently at the subhannonic of 
the frequency o f  longitudinal vibration of the tank bottom according to 
Ref. 1. 

The oscillations at the 10- to 

The oscillations at the sub- 

On flight AS-501,the body modal radial aft and forward skirt accelerometers 
showed a subhanaonic of the 17- to 18-H2 oscillations starting at RT 450 
seconds and lasting until SO0 seconds. 
Fig. 20 reveals that these subhanaonic oscillations were present through- 

of the largest oscillations at 17- to 18-Hz. The body modal 
longitudinal aft skirt acwlero ter also experienced the s ~ h a ~ n i c  
oscillation b~ginning at appr~xi~tely 480 seconds RT, but this accel- 

the second stmctwal 

Comparison of these tines with 

ter rcssponab shifted to 10.5 Hz at 510 seconds, probably representin$ 
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0 seconds, the 17.5-Hz oscillation 

istie whirh strongly attenuated the 
the nccelsrometer data. These aecel- 

ar to predo~inate a5 much as it 

scharge pressure on engine No. 5 and 
did on the engine pressure data. 

the acceleration at the LOX tank botton for various times. 
increases, the 10.S- to 11.0-Ht frequencies again bec 

This is illustrated in Fig. 48 which 

Then, as t i  

On AS-506, the 9- to IO-Hz oscillations were apparent on some acceleron- 
eters prior to the buildup of the 17-Hz oscillations; these earlier oscil- 
lations are shown in Fig. 49. 

the subhanuvnic w 
data in the engine and tank bottom acccale 

After the 1 7 4 2  oscillations he 
predominant in the skirt accele ters and the 17-Hz 

tern as shown in Fig. 5 0 .  

am beyond the range of the filter. However, the 

ne the allow 

R-7970 





R-7970 







onentr) tire safe  w d e r  
ts AS-503 o r  -504, the thrus t  chamber assembly having 

rgin of  safety.  

A s h i f t  i n  engine No. 5 performance during the  IS-Hz osc i l la t ions  has 

already been discussed. The parfo 
cavi ta t ion a t  the LOX i n l e t  wi th  no other dkrtri n t a l  e f f ec t s  from 
the  large osc i l l a t ion  itudes. I f  t h e  ch pressure osc i l la t ions  
exceeded 100 ps i ,  p-p. adverse c 

ce s h i f t  aQpmrS t o  be a resu l t  o f  

B could occur; e.g., 

er in jec tor  degradation OT gas generator f l  

The one other  area investigated re la t ive  t o  engine r e l i a b i l i t y  was the 

a b i l i t y  of the  engine t o  withstand the longitudinal g l eve ls  experienced 

the  3-2 engine i s  capable o f  withstanding 40 g, 



N 

v) 

I 



B solution t o  the 
. First, obviously, the solution by d e f i ~ i t i ~ n  

$,however, the structure inwolvml i s  

tion o f  B 17-Wz o $ ~ i ~ l a t i ~  by sh i f t in  

to be useful unt i l  both 



l ine ,  its resonant  cy is effect ively an antiresonance re la t ive  t o  
osc i l l a t ion  t r ~ ~ ~ i % s l ~  in t h e  w i n  l ine .  

uating osc i l la t ions  a t  a given fnsquency i n  the main l i ne  is t o  
Thus, t h e  design objective 

l a to r  resonance for t h i s  s 

Of course, t h e  addition of an accumulator on the  l i n e  a f fec ts  the response 
a t  a l l  f req~encies .  The acc l a to r  gives an ~ t i r ~ s o n ~ c e  on t h e  majn 



tw  holm of P 

2 0.1Y6 (s 





RISTICS 

I 

and both oxidizer and fuel f ~ % d i i R ~ ~ ,  t 

t h i s  laop charac- 





the fuel and oxidizer syst . The resulting 
ent of thrust to LOX suction pressure w a s  nearly 

cillations. 
of testing, indicating little or no effect 

An8lytical efforts have also in- 

x 55 
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tfon mt law ~ ~ ~ ~ ~ c ~ e ~  could 
resistance, and in fact th i s  se 

e .  In t h i s  ease 
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plots of tha transfer function 
tests. Pin i s  the pmr- 

For ~ o ~ v ~ n i f f n ~ ~  in in# ths5a data in stability ~ l Y 5 ~ s  on c 
were CUNB fit usin IO s u ~ ~ a ~ t ~ d  transfer 



Even the gain t e  K s h ~ i d  not be ~ n t e ~ ~ t e d  a3 t h e  mal steady-state 

e the data did not extend t o  low f r  

with the approxi e engine operatin 
a t  that  particulol 

An i n f in i t e  value of frequency 
Eq. 36 w a s  not rctquired t o  

f i t . )  The curve f i t s  of Table 9 are also plotted as 

hs  appropriate plots of Fig. ~ - 8  thmu -37 (Ap~endix A ) .  

curve €it i s  seen t o  f i t  th 
-square @=OF between data and the curve 

and i n  p ~ a s ~  for each of t he  12 curve f i t s  of Tltble 9 .  The 
gain error is 1.63 db's and t h s  
both of these occur a t  a NPSH of 35 feet  which is near t h e  region of engine 
self-driven osci l la t ions.  

e error i s  19.9 degrees, and 

n e  s f h c t  0 operating point. i.e., NPSH and PU valve posit ion,  on 
ion is shown i n  Pig. 57 end 5 8 .  In Fig. 5 7 ,  
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TABLE 10 

II__ 

eats 
S#t 

1 

2 
3 
4 

5 

6 

7 

8 

9 
10 
11 
12 

111--- 

w 
Closed 
Closed 
Closed 
Nul 1 
10 ~ g r e ~ ~  

10 Degrees 

opsn 

n 

open 
open 
___I- 

L =  er of data points 

€G 

0.98 
1.14 

- 

0.86 

0.74 
0.93 

1.12 

0.57 

0.64 
1 . 2  
1.12 
1.14 
1.63 - 

7 

€4  

6.65 
6 .7  

I__ 

a.a 
5.28 

5.46 

3.62 

1.62 

6.59 
2.8 
6.01 
5 .88  
9 .7  - 

in db's 
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etnt with Rod den were a l i t t l  

se curve fits t o  35 Ht. F.ISFC did rec- 

A*,. * 0.355 
?Tin 

(37) 

fOT HP%id feet PIJ valve closed. Rocketdyne did not have good 
data a t  thio o ~ e r a t ~ n ~  point but the trends of Rocketdyne data would 

would be obtained €ram Eq. 37. 

for the PU valve, MSFC had data a t  54 and 44 Fmt. 
d well with R Q ~ e t d ~ ~  data as did the phase data 
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/ABed and Ahpc/bPod were determined analytically and 
t a l l y .  Thus, 

d that the LOX pump uynamics could be represented 

ked. Thus, the above transfer function 
aP . However, the model developed 

p i t  tests indicates that GOpz Cod. 
pliance 5 and a fundtie- 

P B 



i s  LOX fn ls t  prsssure 4-fest upstra 

tests, than Mfs/APin can ba &ta 
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is self-driving 

litwle oscillations. 

the study have already been presented in 

w e  D r ~ $ ~ ~ ~  which was lower than the 



t t Q S t  p i t ,  CTL-I, p i t  2 .  
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A total of 195 dyn 
tests, t h e  i n l e t  I w a s  found t o  have excess brat ions. These 1 ine 

vibrat ions represent a mechanical "softness" o 
which mst be eliminated o r  accounted fo r  so that  t h e  resul t ing f lu id  corn- 
pliance could be detemiaed. 
account for i n l e t  l ine  chanical vibrations by theoret ical  t e ~ ~ R ~ ~ ~ ~ $ ,  an 

e f fo r t  was t o  s t i f f en  t h e  f a c i l i t y  l i n e  and thus reduce the  vibrat ion 

c tests was run over a 2- 

lianca i n  t h e  system 

Because it was not considered practical Z Q  

lit@ t o  an acceptable 1 . Further, t h e  pulser was o 

l i tude  fo r  the  inder of t h e  tests i n  an a t% 
anical  vibrations.  Because a l l  tests using t h e  Rocketdyne 

i n l e t  line were mn pr ior  t o  t h e  f a c i l i t y  
were considered invalid. 
f l ight-typ@ (SO) duct and the  so l id  l i ne  were val id .  

i f ica t ion ,  these r e su l t s  
With a few exceptions, a l l  tests wi th  t h e  

b s u l t s  frm the  pulsing tests with the  blanked-off flange we 
invalid. A i t h ~ ~  cansfderable efieart was to  bnsure ~ ~ - q ~ l i t ~  
U1x. these tests ~~~ erratic bahsvior 
i n  a single  t6st, thus ~ n d i ~ ~ t i n ~  Oh@ pm 
of t r  
in the  m a l y s i s .  7% resu l t ing  tests whi 

two ~ ~ u ~ c y  swtleps 

Gox. For chis  r(tp9en. duct pulsing test data wem not us 

f 





t - s i t  cum@ wa 



enever the s t ~ ~ t u r a l  vibration levels tended to 
se of the inlet pressure tended to 
n m t  peak. Thus. those curves which 
e considered t o  bo B beLL<I: rcpresentr- 

WSM on the r e s ~ ~ t  frequencies and 

ies a m  plotted tis a function of NPSH in Fig.  63 
wing the various fi 

64 fOt the S-II 1 rd duct and a solid duct. respectively. Both of 
seen to occur at a lower freqwncy as NPSli decreases. 

The first resonance and 
eso two figures indicatos the influence of the inlet 

du6t s ~ f i ~ ~ t ~ ~  on the resonant frequencies. 
~ t i ~ s o n ~ n c e  are 85s tially identical for both ducts. 
nmca, md ~ t i ~ ~ ~ ~ c ~  are at slightly lower frequencies for the S-I1 
inlot duet. This i s  belie to be the influence o f  the additional 

W valva position appears to have s 

the null PU position a m  generally the 
At the full-open or closed positions, 

The second reso- 

of a ~ ~ i ~ l a r  set. 
tennfned. It is not certain whether 
r pressure response or results in 105s 
higher pressure response. The effects 

less pronounc%d. It should be kept in 
test  lit^, s d. flow. and W valve position 

ion, the nsults o f  t ility analytical 
~ ~ s ~ n t e d  in that section 
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-3 ~ ~ l ~ d  analytically usin 
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-0.OO2576S Time 
Delay 1 O * - P 2 - P  e -0*002574s - 1.788 G2 * 1.788 G2 e 2 

Time Delay 2 I Equations 
Tank Discharge 

Photocon I 0 -e3 + f3 %-o*010562s * 1.7634 P2 e -0.0052815 

to Pulscr J 0.0105629 -0.8817 P3 - 0.8817 P3 e- 

P3 = P$ * 0.01 ri3 

P4 5 10,000 (P3 * b4 * ri5) 

C4 = 0.2035 K 

Flou Effects at Pu1s.r 

Pulser Input 

Us a 326.3 (P4 - Ps) 
P5 El (k5 - ki) Inlet Compliance 

= 400 [(l * K)Ps - P6 - 0.363 G6] Inducer Flow 

Ps s 1000 (*, 4 ell - *12 - f l  Interstage Pressure 

P, - 10,ooQ (&, - fI5 - ""9 - ri$) 

Stmss Relief Cavity Pressure 

PU Inlet Flow ""b = 92.a (P7 - Pg) 

167 



(64) PIu 0 35.390 ( O l u  - G I l )  I'U I J i  srhrrge Pressure 

(65) Wll 5 719.4 {Plo - P6 - 2 Wll} 

~ 0.008'3185 Time Uefay 3 - 7 . 1 2 4  Old + 7.124 P I 4  e 

- 0.0089185 + 

'14 e (67) 0 - Q8 - Q e 8 

- 0.1404 P7 e - 0.008918S * 0.14O4P7 
Throttle Valve J 

(68) G14 = (P14 - P15) /4  Throttle Valve Damping 

Equation, 
Throttle Valve 

to Tank 

(69 )  0 5 -PIS - PIS e - 0*01472s - 1.8126 G14 e 

+1.81?6 G14 



(53) 

(531 

2 10,000 l / i n .  

0.2035 ( l b / ~ ~ ~ ) /  jib/in.’) 

526.3 ( l b / ~ ~ c 2 ) / ~ ~ i  

a B1 l / in.  

Jkr I vat ion 

Inlet line damping based on an cst i -  
riwslte$ 4 -ps i  friction loss at 
400 Ib/sac flaw 

Pulser piston velocity-flow relation 
for 5-sq in. pulser 

inducer inertia 
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Caa ffac ient Value 
2 B2 1Jin. 

1000 lb/sac2/psi 

1.0 psi/lb/aec 

10,000 l / h 2  

10,000 lb/sec2/ps i 

56,370 I/in.’q 

92.85 Ib/sec2/psi 

135.800 1 / h 2  

295.9 Ib/sec2/psi 

4 psi/lb/scac 

2 34,390 l/in. 

719.4 lb/see2/psi 

Uerivat ion 

Iigpeller back-side cavity compliance 
150-l/in.2 to 90-l/in.Z range based 

Estimated LOX pump impeller inverse 
inertia 

Linearized damping ’esultiny from 
impeller head-flow characteristic 

Estimated impeller discharge com- 
pliance (high-pressure liquid) 

Estimated stress relief cavity 
passage inverse inertia 

Stress relief cavity calculated 
conrpliance (high-pressure liquid) 

Calculated PU valve inlet inverse 
inert ie 

PU valve inlet cavity 

Estimated PU valve and discharge 
inverse inertia 

PU rcturm passage inverse 

W return vossag~  

8 * 34,560 h./S&?C tic velocity of LOX i n  inlet lines 

0 fn./scsc acoustic velocity of LOX in ~ i s c h ~ r ~ e  lines 
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I n i t i a l l y ,  each of these pa 
i ~ f l u ~ c ~  on the  i n l e t  pressure response. 
r e s u l t s  indicated tha t  the  side-branch i n e r t i a ,  Lz, was not varyin 
YPSH and i t s  value could be determined analyt ical ly .  

ters were t o  be perturbed t o  determine i ts  
of  t h e  mar ly  malytictzl 

The form of the  data  
el  r e s u l t s  indicate  that  the  response curve o f  i n l e t  pressure. 

at the  pulser divided by pulsar  posit ion has the  asymptotes as  indicated 
i n  the, sketch below. 

I 

Log ( frequency 

The location of t h e  break points  on the frequency sca le  is  determined 
by t h e  resonances and antirasonances of Fig. 63 o r  64. 

totes with t h e  ordinate  scale are primarily a function of 
t h e  inertances of t h e  system. 

The intercepts  

~~~~n~ t h a t  the  ine r tmce  of the  f a c i l i t y  l i nes ,  i n l e t  l i ne ,  and the 
inducer and impeller are indepenndant of  NPSM. the  only s i  
ance which could vary would be L2, the  side-branch inertance. 

of NPSH, thus indicat ing t h a t  L2 is independant of NPSH. 

However, 
tote along t h e  dashed l i n e  i n  the  sketch above is  i n d ~ e n d ~ t  

The required 
2 lue of L2 to get t h i s  $%s tote is  in  the  ran of 0.0183 t o  0.026 (sec/ln.)  , 

re realistic. Thus, a value L2 = 0.02 
to vary t h i s  prrr e5 

t h  t h e  e ~ e r i ~ e n t a l  data. 

I f f  





t h i s  could be ac ished by increasing the resis tance,  or 
g specif ic  cu rws ,  t h e  f i t  o f  P,/X i s  $ 

for  both gain and phase w i t h  the  one possible exception of the second 
r-sonant frequency at  a NPSN of 50 f ee t .  
less consistent f r o m  test-to-test 5 0  that  the  data s c a t t e r  i t s e l f  prevents 
t h i  correlat ion from appearing as good. This resonmnce could be lowered 
by decreasing B I ,  but t h i s  would lower i t s  amplitude as well ( F i g .  70 1. 
There is enough scatter in  the  flow data  to  render any attempt at  correla-  
t ion  uncertain. However. each tinre the model resu l t s  indicate resonant 
and antiresonant peaks, there are some data which also indicate a cor- 
responding response of gain. 

This par t icu lar  resonance was 

The correlat ion of flow phase angle is ds 
expected from the flow data.  
discharge/inlet  pressure) a r e  watched well by the model, 

Certain aspects of  the 

e .g . ,  the  gain tr-nds a t  the  higher frequencies. However, the correlat ion 
i s  not as good f o r  gain a t  lower frequencies, but the discharge parmeters  
a t  the lower frequencies are contaminated by the act ive flow control valve 
in  the discharge l ine.  

To arrive a t  these data correlat ions,  the side-branch resistance,  R 2 ,  and 
the  NPSH factor, 1 + K, were constant with respect t o  NPSH. 
usad were 

The values 

2 R2 = 0 .5  sec/in. 

1 + K = 1.5 

The two cavi ta t ion c l iances used are shown as a function of NPSH i n  
Fig. 90. 

ar ison of model resu l t s  and test data  demonstrates that  the  mcxiel 
the features  of the  test r e su l t s .  In fact, con- 
t h e  data and the  difficulties encountered i n  ab- sidering the nat 

d data ,  the  overal l  ag 

edrurce, but it cannot be shown t h a t  t h i s  nrodel formulation is 

n t  of model and data is believed 
model is sufficient t o  obtain 

R-?970 175 



so we13. Further effort woul 
and to definitely associate 
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arison of Analytical and Experimental Results for 
Gain (= Discharge/Inlet Pressure) 



l o s o  c L 
P-- 

6.0 WOEL RIiSULTS 

\ 
\ 
\ 
\ 
\ 
\ 
\ 
1 
I 
I 
I 

0.4 I I [  

* 100 

5 50 

$ 0  

w 
W 

W 
Q 

A 
0 

2 -50 
w en 

Q 
3 -100 

-150 
4 6 10 20 45 

FREQUEMCY, HERTZ 

Figure 87. Comparison of Analytical and Experimfital Results 
Pwnp Gain (5  Discharge/Inlet Pressure) 

for 



100 ; 

60 1 
40 1- 

20 ; 
I 
I 

l o  t 
c 

t- 
6 

4 

2 

2 4 6  10 20 40 

FREQUENCY, HERTZ 

Figure 88. Comparison of Analytical and Experimental Results for 
Discharge Flow Divided by Pulser Position 

R-7970 



look 

6o t- 
40 t 
r 

PUMP NPSH = 40 FEET 1 

F R E ~ E ~ C ~ ,  HERTZ 

arison of Analytical and Experimental Results for 
Discharge F l o w  Divided by Pulser Position 

194 R-7970 



200 

100 

50 

0 20 40 60 80 100 

200 

100 

so 

0 20 40 60 80 100 
NPSH 

Figure 90. Variation of P Model Compliances With NPSH 

R-7970 195 



d an analyt ical  model which is in  agrement w i t h  the 
data ,  the model can be used t o  determine the pump 

t e ~ i n ~ ~ ~ ~ n  i ~ p ~ d ~ n c ~  function, G .  T h i s  function was defined in E q . 2 2  

t o  ba 

P2 and G 2  are pressure and flow a t  the  pump i n l e t  flange. 
function G was determined fo r  an NPSH of 40, SO, 60, and 70 feet  with 
no dependence upon W valve posit ion o r  i n l e t  duct configuration. 
function fo r  these four conditions is shown in  Fig. 91 and 9 2 .  Thc trends 
a r e  seen t o  be consistent with NPSH as would be expected from the data  
trends. The shape of the  curve is  also reasonable being representable 
of a resistance a t  very low frequency followed by a l te rna te  dominance 
by the compliance and then the i n e r t i a l  terms. 
f i t  using an equation of  the  form 

The 

The 

These curves were curve 

G 5  

The curve f i ts  are applicable up t o  a frequency of 33 Hz, and i n  each 
case the  cuwe fit function wcs i n  excellent agreeraent with the  or ig ina l  
curve. The ralues of the parameters appearing in  Eq. 70 a r e  given below: 
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I t  was shown tha t  t h i s  pump termination impedance is required t o  a r r ive  
at engine t ransfer  functions APc/AP2 based on an i n l e t  pressure a t  the 
pump i n l e t  flange. The equation fo r  determining t h i s  function was 
Eq. 35 which is repeated below: 

where P is pump i n l e t  pressure upstream and L2 is the inertance of the 
l i n e  between the pulser and P2. 
functions a re  fo r  APc/APl, it is now required t o  determine the function 
Z 
21 inches above the pump i n l e t  flange on a duct of 8 inches diameter. 

1 
Because the  Bode p lo ts  of engine t ransfer  

[l + SL2/G). The pulser i n  the engine pulsing test program was located 
Thus. 

L2 21/ [n/4 (SI2 * 3863 = 0.001081 x. rec f 
Using t h i s  value i n  Eq. 
are l i s t e d  i n  Table 15 as  a function of frequency, and the r e su l t s  for  
a NPSH of 50 feet are p lo t ted  i n  Fig. 
effect u n t i l  frequency gets as large as 20 HE. 
than 10 degrees up to  30 Hz, 
except at a NPSH of 40 f ee t .  
p lo t s  of the engine t ransfer  function, APc/APin, could now be corrected 
t o  get APc/APz. However, because the  function Z has such a small e f f ec t  
on the engine transfer function, no p lo ts  of APc/AP2 are presented here. 

71 , the function 2 was calculated. The r e su l t s  

93. The function has very l i t t l e  

and the gain is within 0 t 3  db up t o  25 Hz 

Using the t r ans fe r  function, Z, the  Bode 

The phase angle is less 

O n e  f i n a l  re la t ionship  of i n t n  
a c c e l e r a t b n  which would be applicable t o  the f l i g h t  vehicle. 
t h i s  functional mlatioplship, the following ass 

is P as  a function of s t ruc tu ra l  
C 

To derive 

1. The feedline can be represented by a s ing le  resistance and 
inertmce, R+SL. 

ics are defined by the pump termination 
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pressure is proportional to tank-bott 
which is directly proportional rn engine acceleration, so 

that Pt = KP. 

Therefore, 

Pt - P2 (R + SL) drl 

where Y is the oscillatory acceleration at the 0n ' 

to yield 

ts and other 

ten, are as used prwiously. These Qquati 

Pt * (741 

Pt + PA pe a 

+ w%X] ntprrssmts a forcing fwrction and the other 
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A s s d n g  an in le t  l ine of 4 feet length corresponding to  the  inboard duct 
on the S-I1 stage,  the dynamic function [ 1/(1 + SL/G) ] w a s  calculated.  
The r e s u l t s  are tabuloted i n  Table 16 

95 fox a NPSH of 40, 60. and 70 f ee t .  
are  approximately equal t o  those at 60 feet). 
l ine and pump is seen t o  increase the gain of P2 over acceleration for  
a l l  but a few points,  and in  no case i s  there a s ignif icant  reduction. 
A t  17 Wz, the gain has not yet  increased s ignif icant ly .  but it w a s  pra- 
v iowly  shown tha t  the static gain w i t h  no increase resul t ing from the  
dynamics of the  l i n e  w a s  suff ic ient  t o  get an i n s t ab i l i t y .  In Fig. 95, 

the phase angle at 17 Hz is close t o  the -20 degrees which was required 
fo r  zero phase s h i f t  around the closed loop representing the f l i gh t  system 
dynamics. 

and axe plot ted i n  Fig. 94 

(The re su l t s  f o r  a NPSH of 50 f ee t  
and 

The dynamics of the feed- 

Ihe function [(l + SL2/G)/(l + SL/G)] which appears i n  Eq. 75 
i n  Fig. 96 and 97. 
plot ted because it is so close t o  the resul ts  a t  60 f ee t .  
these curves are similar t o  those of Fig. 94 and 95, respectively. A l -  

though the function G appears in  a similar term in  both nuinerator and 
nator, it is still seen t o  exert  a signif icant  influence on the 

d y n d c  response &we 20 Hz. Using the Bode p lo t s  fo r  APc/AP1 presented 
8 through A-37,The functions of Fig. 9b and 97 , and Eq. 75, a 
function’relating P t o  engine acceleration could be constructed. 

is plotted 
Again, t he  case o f  NPSH equal t o  50 feet w a s  not 

The shape of 

C 
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CONCLUSIONS 

Extensive analysis has been performed on the data from the Apoll; flights 
to determine the source and characteristics of the 17-H~ oscillations 
which reach large amplitudes near the end of S-I1 burn. The p r ~ m ~ r y  

ts user to study the oscillations were ch 
on of engines No. 1 and No. § and of the 

(Long instrumentation sense lines rendered the LOX pump inlet and dis- 

charge pressure measurements unreliable.) 
were analyzed to determine gain ratios, relative phase eanulgles, sand in 

lhese primary measure 

cases, rate of change of gam. 

m e  most significant conclusion resulting from the data smalysis w a ~ q  that 
the oscillations were cased by a closed loop instability. The loop consists 
of the structure, the inboard LOX feedline, and the center engine, and 
the instability is of the s nature as POGO oscillations except that 
this instability occurs at the frequency of B higher structural 
(frequently referred to as the fifth aode) which has significant displace- 
ments, or accelerations, in the LOX tank bottom, the thrust structure, 
the crass beam on which the center engine is mounted. There were four 
remons given for the conclusion that the oscillations were the result 
of an instability:, 

1. The gains and phases of the three main el 
loop are such that the total loop gain is greater than one, and 

unstable loop. 

The oscillations occw at a resonant frequency of the ~ ~ ~ c t u  

The shape of the oscillation 
instability. 

The operating region of the engine during flight is above the 
region in which engine self-drivan oscilfations occur. 

se is close to zero, two conditions which &fin 

2 .  

3. litude CUNB is indicative of an 

4. 
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Using the rate of change? of the acceleration with time, minimum closed 
of -1.0 percent was calculated for the instability on flight 

AS-504. Asswing the structure had 1.5-percent damping, then the maxi mu^ 
instability was 4 . 5  db unstable. I f  the struct:ire had only ! ()-percent 
tlsunping, the system was 6.0 db unstable. The clccurrenx of rhe :ns?ahrlity 
was shown t o  correlate with LOX level in the tank on the fuar flight5 AS-501 
through -503. T b  t'm?cyuensy m d  amplitude of this structural mode varies 
wrth I.Ok l e b e l ,  .arJ rhc -miitions necessary for the instability occurred 
nedr  the end af burn. 

'in tndi,r,g model of the clc+sceJ loop was developed to study the instability. 
t functLons required t o  describe the engine were obtained from 

of orcillations observed t o  date are not ionstdvred large 
ladation of ~ n ~ ~ n ~  perfa~anc~ or Overstress of 

However, an engine with f lu id  has not been tested at coapmnnts. 
vibration levels of this magnitude, and the mplitudos are large enough 
that it is desirable to eliminate them, or at least significantly reduce - 
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them. 
method of eliminating the oscillations was to cut off the center engine 
early because data proved that the center engine was the only source for 
these oscillations. 
static tests and succeeding flights. 
problem is use of a gas accumulator on the inboard LOX feedline. 
analog model demonstrated that the accumulator can eliminate an instability 
in the 17-Hz region. 

Because the instability occurred near the end of burn, the surest 

This solution was adopted and was effective on stage 
A second potential solution to the 

The 

An accumulator is currently being tested at MSFC. 

There are som other characteristics of flight data which were not con- 
clusively understood. 
in the maximum amplitudes and amplitude envelopes which have not yet been 
explained. 
There are bursts of 
origin has not been 
are not of concern, but if these early bursts are indicative of a marginal 
stability then they would be of concern for future flights. 

There were differences between the four flights 

Some of these differences may be related to the NPSH level. 
litude early in flight but of low amplitude whose 
ablished. The amplitudes are low enough that they 

Also, there 
lit* oscillations at approximately 10 Hz and some at the 
of the frequency of the 17-Hz instability. Currently, the 

10-Hz oscillations are believed to be independent of the 17-Hz oscilla- 
tions and are probably related to another structural mode. 
oscillations are believed to be induced by the 17-Hz oscillations through 

The subhanaonic 

trical sloshing in the LOX tank. 

In suport of the oscillation analysis program, Rocketdyne conducted two 
, one involving the engine and the other involving only the 

. In both cases, an inlet piston pdlser was used to introduce 
atians in the LOX inlet line. Dynmic instrumentation was 

used to evrrluete the feedline- and engine dynamic behavior. 

e engine pulsing tests demonstrated (1) that the flight- 
ation wing long sense lines on pump discharge and inlet 
reliable, (2) that the region of engine self-driven 
rather well defined and at NPSH values below those 

experienced in flight, and (3) that new transfer functions based on 
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s ing  tests were required t o  describe engine dynamics. The only 
new t r ans fe r  function d i r ec t ly  obtainable from the  engine t e s t s  w a s  APc/ 
APin where Pc is chamber pressure and Pin is LOX pump i n l e t  pressure 
upstream of the pump. 
t ions  for  the S-II osc i l l a t ion  problem. 
function was determined from pump t e s t s  and is mentioned below. 
OR the new t r ans fe r  function fo r  APc/APin, fuel-side t r ans fe r  functions 
and cross-feed t ransfer  functions were adjusted t o  what ap2eared t o  be 
a more correct representation, although these t r ans fe r  functions have a 
negligible e f f ec t  on the  17-Hz problem. 

This is the most s ign i f icant  of the  t r ans fe r  func- 
A second s igni f icant  t r ans fe r  

Based 

Ihe transfer function APc/APin was detemined over an extended operating 
range of NPSH and PU valve position. 
lower goin as NPSH incremed, and a lower gain as  the  PU valve w a s  moved 

The r e su l t s  indicated a consistently 

and pmssure and f low 

e l ,  and tbe  model was w e d  t o  

M d  i ~ c l ~ ~  a l l  po ten t ia l  dynamic e f f ec t s  uhid. 
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compliance, and an impeller inertance. Values fo r  these parameters were 
determined by matching model resul ts  with test data .  

Di f f icu l t ies  were experienced in  obtaining good t e s t  data  because of  
vibrations of  the system. m e  f a c i l i t y  i n l e t  l i nes  had t o  be s t i f fened  
and the  pulser s t roke maintained at  a low level t o  minimize vibrat ions.  
Many ear ly  tests d id  not y ie ld  any usable da ta ,  and the data  from most . 
of the tests appeared t o  have s c a t t e r  because of some vibration contmina- 
t i on ,  noise,  e t c .  
frequencies i n  t h e  i n l e t  pressure response. These resonances and the 
associated antiresonances were dependent on the NPSH of the LOX p q .  
To match the  model r e s u l t s  t o  the data ,  the data  were inspected and 
weighted to  determine those da ta  bands, and values within the data  bands, 
which appeared t o  be less contaminated from other  influences; thus,  most 
representable of  the  pump dynamic response. 

The form of the data  def in i te ly  indicated two resonant 

The analyt ical  model parameters were determined by matching the  model re- 
s u l t s  t o  the data  for pump i n l e t  pressure divided by pulser posit ion.  
The model was able  t o  match t h i s  data  well. Further confidence in  the  
va l id i ty  of the  model w a s  then obtained by matching the data  trends of 
p u ~ p  discharge pressure and flow. 
which could be shown t o  have 8 def in i te  effect on dynivllic response was 

The only operating point par 

p YPSH. 
f ee t .  The two m o d e l  parameters which varied with NPSH were the p 
le t  co!~pliance and the side-branch compliance associated with the pump. 

The data  were matched by the model f o r  NPSH of  40 t o  70 

After establ ishing t h e  model which successfully matched the test data ,  

60, and 70 feet. This function together with the engine t ransfer  function 
APcfAPin are suf f ic ien t  to  analyze the closed-loop i n s t a k i l i t y  of t h e  S - i l  
stage.  

notion islpedeurce, G, WBS determined for a NPSH o f  40, 50, 

I t  was shown that,assuming t h a t  the  f l i g h t  inboard LOX feedline 
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represmted by a s ingle  r e s i s t  
let pressure and ch 

e and inertance (R*SLl, then the 

e+ pressure are given by 

here that A l l  the  terns are defined i n  the  text, but it is note its 

the pump impedance. APc/AP1 is the  engine t ransfer  functlon ~ ~ ~ u r ~  by 
Rocketdyne and shown as Bode p lo ts  i n  the  t ex t ,  and 1 Pt + PAX (R*SL)/SI 
is the  general forcing function re la t ing  s t ruc tura l  accelerations t o  
the osc i l la t ions .  
function G had l i t t le  influence on Pc fo r  frequencies below 20 l l z ,  except 
that  a t  8 NPSH of 40 feet the  gain was increased by B m x i  
5 db a t  20 Ht. 

the transmission of ~ c ~ l ~ r ~ t i ~  effects t o  Pc. 

1 

I t  w a s  par t icu lar ly  interest ing to note that  the 

Above 20 Ht, the  function G had a pronounced effect on 
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a 1 acoustic velocity 

A * gethcsrally, the cross-sectional area o f  B duct 

B fluid spring rate, or hydraulic cmliance in units of inr2 

CP a liqmqutcs eo1 

inp indueez head r%5@ and inlet 

c)r pressure for engine No. 1 OIP 5 m Awllo second 
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power spectral density data analysis technique 

propellant utilization (valve) 

pump volumetric flow 

resistance 

range time for Apollo flights 

Laplace operator (=iw or d/dt) 

time 

velocity 

weight flowrate 

Work 

displacement, velociry. and acceleration, respectively 

acceleration of engine No. 1 or 5 on ApoXIo second stage 

acceleration of LOX t a n k  bottom at sump on Apollo second 
stage 

transfer function, or impedance 

ntal value of parmeter 

pctmcetrt of critical damping 

percent of critical damping for a closed loop or a 
structure, respectively 

weight density 

pse angle, e.g.. of r transfer function 

frequency in radians/second 

resonant fieqwncy 

Subscripts 

a 5 accmlmtor 

C 
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This ~ ~ e n a i x  contains two sets of figures relating to the en 
pulsing t e s t  prog 
the actual W valve position and LOX 

for the tests which were used 
APc/APln. These dags were obtained 

The first s e t ,  Fig. A - 1  t ~ o ~ g ~  A-7, presents 
WPSH as a funstion of time 

y oscilllations i n  the in let  5ysteua so that 
of NPSH data is obtained. The 
opeuniting value. 

Bode plots of the t 

we= run over the frpr 
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IX B 

The following si es present some 0 

tests. In each gain and phage o 

by pulser  posi t ion (Py/X) is plot ted 
inlet  pressure is located 4 inches up 

t e ly  59 inches upstre 
figures present the data fo r  both a so l id  
in le t  duct at NPSH values of 40, 50, 60, and 70 fee t .  Tha 

conditions of speed, flw, and PU v ve position CM be d a t a ~ i ~ a ~  frurrt 
er  and the  corrcsspondi data of Table 14 . Similar data ,  

tho*& less conais tmt ,  were obtained f o r  
flcm, but are not included here. 

discharge prcsssure and 





x 

E-3 



F 



-5 





- 3  






